Aims: High-density lipoprotein (HDL) levels inversely correlate with cardiovascular events due to the protective effects on vascular wall and stem cells, which are susceptible to oxidative modifications and then lead to potential pro-atherosclerotic effects. We proposed that oxidized HDL (ox-HDL) might lead to endothelial progenitor cells (EPCs) dysfunction and investigated underlying mechanisms. Results: ox-HDL was shown to increase apoptosis and intracellular reactive oxygen species levels, but to reduce migration, angiogenesis, and cholesterol efflux of EPCs in a dose-dependent manner. p38 mitogen-activated protein kinase (MAPK) and NF-jB were activated after ox-HDL stimulation, which also upregulated thrombospondin-1 (TSP-1) expression without affecting vascular endothelial growth factor. Effects caused by ox-HDL could be significantly attenuated by pretreatment with short hairpin RNA-mediated CD36 knockdown or probucol. Data of in vivo experiments and the inverse correlation of ox-HDL and circulating EPC numbers among patients with coronary artery diseases (CAD) or CAD and type 2 diabetes also supported it. Meanwhile, HDL separated from such patients could significantly increase cultured EPC's caspase 3 activity, further supporting our proposal. Innovation: This is the most complete study to date of how ox-HDL would impair EPCs function, which was involved with activation of CD36-p38 MAPK-TSP-1 pathways and proved by not only the inverse relationship between ox-HDL and circulating EPCs in clinic but also pro-apoptotic effects of HDL separated from patients' serum. Conclusion: Activation of CD36-p38 MAPK-TSP-1 pathways contributes to the pathological effects of ox-HDL on EPCs' dysfunction, which might be one of the potential etiological factors responsible for the disturbed neovascularization in chronic ischemic disease. Antioxid. Redox Signal. 22,[308][309][310][311][312][313][314][315][316][317][318][319][320][321] [322] [323][324] 
Introduction
A ngiogenesis is a vital compensatory response in chronic ischemic disease. Accumulating evidence suggests that circulating endothelial progenitor cells (EPCs) play a crucial role in this process (51, 60) . Previous studies showed that the number of circulating EPCs was decreased and such cells' function was impaired in patients with atherosclerosis and diabetes (63, 71) .
High-density lipoprotein (HDL) levels inversely correlate with cardiovascular events due to the protective effects on the vascular wall (5) . Recent studies also demonstrated that HDL could directly stimulate EPCs differentiation and enhance ischemia-induced angiogenesis (58) . However, a number of reports have indicated that HDL is susceptible to oxidation and structural modifications in case of atherosclerosis and diabetes (13, 15) . Oxidized HDL (ox-HDL) not only might lose important protective functions but also acquire crucial pro-atherosclerosis properties (45) . Previous studies suggested that ox-HDL might exert harmful effects on endothelial cells and platelet (3, 46) . However, the effect of ox-HDL on EPCs is still unclear.
CD36 was found to mediate the important communication between outside stimuli and the intracellular signal pathway in endothelial cells and phagocytes challenged with oxidized lipid (30, 32) , and recently, studies uncover the modulative effects of CD36 in angiogenesis (9, 18) , in which thrombospondin-1 (TSP-1) exerted negative effects via interaction with CD36. However, data from our previous studies and others (27, 62) showed that mitogen-activated protein kinase (MAPK) and NF-jB pathways played a key role in modulation of such cells' function. Based on the previous data, we investigated the effects of ox-HDL on EPCs and explored the potential signal pathways involving CD36-MAPK-TSP-1.
Results

Characterization of human EPCs
Human EPCs were cultured according to a protocol of endothelial colony-forming cells (20, 21) , which could decrease potential loss of progenitor cells in blood and be more reliable and replicable compared with our previous protocol using density gradient centrifugation and then negative selection with magnetic microbeads (27) . After 4 weeks' culture, the EPC colony became visible and such cells were first confirmed as cells that were double positive for acetylatedlow-density lipoprotein (ac-LDL) uptake and lectin (UEA-1) binding affinity (Fig. 1A) . The colony formation assay showed that such cells at passage 2 could rapidly proliferate and form obvious colonies with a cobblestone-like morphology within a 4-day culture with endothelial cell growth medium-2 (EGM-2) (Fig. 1B) . Meanwhile, Western blot results showed that endothelial nitric oxide synthase (eNOS) was expressed in such cells and human umbilical vein endothelial cells, but not in THP-1, which was in agreement with previous investigators (Fig. 1C) (29, 31) . Expression profiles of such cells investigated by flow cytometry showed that they were positive for endothelial markers, such as CD34, CD31, CD105, CD73, KDR, CD146, and HLA-ADC, but negative for monocyte markers, such as CD14, CD45, CD133, CD90, and HLA-DR, which unequivocally confirmed such cells' endothelial identity (Fig. 1D) . The more the homing and incorporation into neovascularization, characters of such cells were confirmed in a unilateral hind limb ischemia model based on athymic nude mice, which were transplanted into PKH26GL-labeled cells via tail vein injection (Fig. 1E) . Everything that has been described earlier was consistent with previous studies about EPCs and confirmed the identity of EPCs (21, 49) .
ox-HDL increased CD36 expression and promoted EPCs apoptosis
Since oxidized lipid was shown to lead to dysfunction of cells via CD36, so first Dil-labeled ox-HDL and AF488-labeled CD36 antibody were added to the cultured EPCs to explore the potential interaction between them. As shown in Figure 2A , Dil-ox-HDL was co-localized with CD36, which implies that some interplay might exist. Then, EPCs were stimulated with different concentrations of ox-HDL (0, 10, 20, and 50 lg/ml) and HDL (50 lg/ml). CD36 mRNA and protein expressions increased in a concentration-dependent pattern after being challenged with ox-HDL, whereas CD36 expression remained unchanged in HDL-treated EPCs (Fig.  2B, C) . Nucleotransfection of EPCs with CD36-specific short hairpin RNA (shRNA) was shown to induce a greater than 70% reduction in CD36 transcript levels ( p < 0.05, Fig. 2) , and a more than 60% in protein level (data not shown); while transfection of scramble shRNA did not influence CD36 mRNA and protein expression.
As shown in Figure 3A , ox-HDL significantly promoted EPCs apoptosis in a dose-dependent manner, which was similar to the CD36 expression pattern. Since CD36 was shown to mediate the inhibitory effects of oxidized lipoprotein such as oxidized low-density lipoprotein (ox-LDL) in monocytes (30) , it was natural to infer that such pro-apoptotic effects of ox-HDL might be also mediated by CD36. shRNA-mediated knockdown of CD36 or probucol preincubation (5 lM) could significantly attenuate the pro-apoptotic effects of ox-HDL ( p < 0.05). Neither native HDL nor shRNA-mediated knockdown of CD36 alone could exert effects on EPC apoptosis (Fig. 3A) .
ox-HDL inhibited EPC migration and tube formation
Migration and tube formation were very important for the corporation of EPCs into the injured arteries and angiogenesis in the ischemic tissues. As shown in Figure 3B and C, these functions of EPCs were significantly inhibited by ox-HDL in a dose-dependent manner except in the 10 lg/ml group ( p < 0.05), but these effects could be significantly attenuated by pretreatment with CD36 shRNA or probucol ( p < 0.05). Although some trends toward promoting the cell's migration (transwell assay) and tube formation could be seen in the HDL group, no significant difference was shown by HDL ( p > 0.05). Such results were different from a previous study (23) and could be attributed to the following points: (i) difference between HDL and EPCs used in our study and those in Huang's study, HDL and EPCs were separated from peripheral blood of healthy male volunteers who were on average aged 40, in our study, of which the relatively old volunteers from Huang's study could potentially negatively influence the beneficial effects of HDL and decrease the response of EPCs; (ii) different sensitivity of the assay used in our study, which showed that scratch wound-healing assay showed more promotive effects of HDL in EPC's migration compared with the control group ( p < 0.05).
ox-HDL increased intracellular reactive oxygen species levels in EPCs
Since migration and tube formation of EPCs were shown to be negatively influenced by oxidative stress (66) , and Innovation High-density lipoprotein (HDL) was the promising target for atherosclerosis in addition to low-density lipoprotein, but the failure of decreasing cardiovascular events proved by data from clinic studies aiming at increasing HDL levels in humans alerted us to focus on the ignored pathological effects of potential oxidative modification of HDL. Data from our study provided the mechanism of how oxidized HDL (ox-HDL) would impair endothelial progenitor cells (EPCs) function, which was involved with activation of CD36-p38 MAPK-TSP-1 pathways and also proved by the inverse relationship between ox-HDL and circulating EPCs in clinics.
ox-HDL was shown to induce oxidative stress in other cells (39) , such effects could be mediated by CD36 (35) ; so, the intracellular reactive oxygen species (ROS) levels in EPCs were evaluated with a fluorescence microscope and quantified using Image J. After incubation with different concentrations of ox-HDL for 24 h, intracellular ROS generation in EPCs was significantly increased compared with the control, scramble shRNA, CD36 shRNA, and HDL groups ( p < 0.05), and such effects could be significantly inhibited by pretransfection of CD36 shRNA or probucol incubation ( p < 0.05) (Fig. 3D) . Intracellular ROS generation was similar between the native HDL-treated and control group ( p > 0.05). Since several enzymes were proved to participate in maintaining the redox status and function of EPCs (19) , the activity and mRNA expression of NADPH oxidase enzyme subunit NOX2 and CuZn SOD were chosen to be (E) Transplantated PKH26GL-prestained cells (red) were shown to home to injured artery and incorporate into the neovascularization after injection via the tail vein into athymic nude mice with unilateral hind limb ischemia, and the endothelial cells were stained with BS-1 lectin (green) injection into mice by a direct cardiac injection (Scale bar = 50 lm). The representative data were from three experiments in triplicate. EGM-2, endothelial cell growth medium-2; eNOS, endothelial nitric oxide synthase; EPCs, endothelial progenitor cells.
investigated after being challenged with HDL or ox-HDL. Compared with the control and HDL, ox-HDL was found to increase activity of NADPH oxidase enzyme and copperzinc superoxide dismutase (CuZn SOD), upregulate NOX2 mRNA expression, but decrease NO production (Supplementary Fig. S1A-D ; Supplementary Data are available online at www.liebertpub.com/ars), which was in agreement with a previous report about impaired function of HDL from patients with diabetes (56) and implied that eNOS uncoupling might participate in the pathological effects of ox-HDL.
Expression of TSP-1 and VEGF modulated by ox-HDL TSP-1 and vascular endothelial growth factor (VEGF) are two major factors influencing angiogenesis, and the latter was shown to mediate the paracrine effects of EPCs. VEGF could promote angiogenesis, while TSP-1 was shown to exert the opposite effects via its receptor CD36 in microendothelial cells and EPCs (9, 70) . So, the expression of VEGF and TSP-1 in EPCs was investigated after challenge with ox-HDL in a hypoxic environment, which could maximally mimic the in vivo situation for the injected EPCs. TSP-1 mRNA and protein expressions of EPCs increased in a concentrationdependent manner after being challenged with ox-HDL for 24 h ( p < 0.05), which could be inhibited by pretransfection of CD36 shRNA or probucol preincubation ( p < 0.05). While native HDL decreased TSP-1 expression only at mRNA level ( Angiographic results showed that transplantation of EPCs enhanced the vessel density compared with control animals injected with medium ( p < 0.05). However, the vessel density after infusion of ox-HDL-stimulated EPCs was lower than that of mice injected with untreated EPCs and shRNAmediated knockdown of CD36 could block the pathological effects of ox-HDL ( p < 0.05, Fig. 5A , C). Similar effects on capillary density were confirmed by immunofluorescence analysis (Fig. 5A, D) . In addition to neovascularization, the blood flow and functional scoring of hind limb ischemia was also evaluated by laser Doppler scanning and scales separately, which showed a similar trend with data of angiography and vessel density (Fig. 5A , B, E) and confirmed the inhibitory effects of ox-HDL on EPCs' function in vivo.
Regulation of MAPK-NF-kB pathway by ox-HDL in EPCs
Since MAPK family was confirmed to play an important role in the signal pathway mediated by activation of CD36 (7), the protein expression of MAPK family (p38, ERK, and JNK) was measured by Western blot to explore whether such phenomena also existed in EPCs challenged with ox-HDL. The expression of phosphor-p38 was significantly increased after incubating EPCs with ox-HDL in a dose-dependent manner ( p < 0.05), which could be partially attenuated by shRNA-mediated CD36 knockdown in EPCs (Fig. 6A) ; while ox-HDL did not affect the expression of phosphor-ERK and
Co-localization of ox-HDL and CD36 and effects of ox-HDL on CD36 expression in EPCs. EPCs were first incubated with either Dil-labeled or nonlabeled ox-HDL (both at the concentration of 50 lg/ml) for 8 h; then, CD36 was stained with AF488-linked antibody and DAPI. After being fixed with 4% formaldehyde, images of colocalization of ox-HDL and CD36 were captured by an Olympus inverted fluorescent microscope with a DP71 digital camera and then analyzed using Image J software (A). Ox-HDL was shown to promote CD36 mRNA and protein expression in EPCs, which could be attenuated by shRNA-mediated knockdown. CD36 mRNA (B) and protein (C) expression of EPCs was investigated by real-time PCR and Western blot. Data are shown as means and standard errors, *p < 0.05 versus control, { p < 0.05 versus 50 lg/ml ox-HDL. ox-HDL, oxidized high-density lipoprotein; PCR, polymerase chain reaction. JNK in EPCs (Fig. 6B, C) . The electrophoretic mobility gel shift assay (EMSA) test showed that ox-HDL could increase the activity of NF-jB, which could be attenuated by shRNAmediated CD36 knockdown ( Supplementary Fig. S2 ). While EPCs were pretreated with p38 or NF-jB-specific inhibitor before the challenge with ox-HDL, the inhibitory effects in migration and angiogenesis were significantly attenuated, which further support the role of activation of MAPK-NF-jB pathway in ox-HDL-induced pathological effects on EPCs (Supplementary Fig. S3 ).
Impairment of cholesterol efflux of EPCs by ox-HDL
Our study showed that ox-HDL could induce dysfunction of EPCs, and data from previous experiments also confirmed that cultured macrophages could uptake ox-HDL, which then inhibit the cholesterol efflux out of cells; so, it needed to be confirmed whether such effects took place in EPCs exposed to ox-HDL. It was shown that ox-HDL would exert inhibitory effects on cholesterol efflux of EPCs, while shRNA-mediated knockdown CD36 could partly reverse such pathological
effects, which was in accordance with the data from another study ( Supplementary Fig. S4 ) (16) .
Negative correlation of ox-HDL and circulating EPCs countings
Since data from both in vitro and in vivo experiments of ours and others confirmed the negative effects of ox-HDL on human EPCs, some correlation between ox-HDL and circulating EPCs might exist in clinic settings. In order to prove it, an observational clinical study was organized to investigate the potential correlation between them.
Characteristics of the 90 enrollers at the baseline are summarized in Table 1 . As expected, patients with documented coronary artery disease (CAD) had significantly higher levels of C-reactive protein, body mass index, and triglyceride, lower level of HDL cholesterol and, more frequently, were treated with statins, anti-hypertension drugs, and platelet inhibitors. However, patients with CAD more commonly received statin treatment, which reflected that a low dose but not intense statin treatment was prevalent in China and slightly different from a previous report about European population (52) . Using the modified International Society for Hematotherapy and Graft Engineering (ISHAGE) protocol, the numbers of CD45 dim CD34 + KDR + cells were found to be significantly higher in healthy controls compared with those of patients with CAD (0.055% -0.010% vs. 0.022% -0.011%/100 leukocytes, p < 0.05) (Fig. 7A) . While CD36 expression in cultured EPCs was shown to increase after challenging with ox-HDL, the mean fluorescence intensities (MFI) of CD36 in EPCs were detected by flow cytometry, which were higher in CAD patients than in healthy controls ( p < 0.05) (Fig. 7B) . The levels of thiobarbituric acid-reactive substances (TBARS) in serum were significantly higher among patients with CAD than those of healthy controls (1.328 -0.330 vs. 0.768 -0.220 lM, p < 0.05), while the amount of TBARS in HDL exhibited a similar pattern between patients with CAD and healthy controls (264.174 -74.731 vs. 181.435 -75.798 nM, p < 0.05) (Fig. 7C, D) .
In addition to stable CAD patients, those with CAD and type 2 diabetes mellitus (DM) were also enrolled in the study, as previous reported data showed decreased levels and impaired function of EPCs in such a high-risk population for CAD (11, 33, 37) . From the recorded fast glucose and HbA1c levels, such patients received a good management of blood glucose, which could significantly decrease potential interference caused by abnormal glucose metabolism. It was not surprising to find that a similar trend was seen in not only a decreased level of circulating EPCs (0.021% -0.010% vs. 0.055% -0.010%/100 leukocytes, p < 0.05), but also an increased MFI of CD36 in EPCs, higher levels of TBARS in serum, and HDL compared with those of healthy controls (serum TBARS: 1.42 -0.250 vs. 0.768 -0.220 lM, p < 0.05;HDL TBARS: 375 -26.530 vs. 181.435 -75.798 nM, p < 0.05). Levels of CD45 dim CD34 + KDR + were shown to be inversely correlated with amounts of TBARS in serum (R = -0.72, p < 0.001, N = 90) and in HDL (R = -0.86, p < 0.001, N = 90) (Fig. 7E, F) . Since the negative correlation of ox-HDL and circulating EPCs levels was shown by the clinical study, HDL was separated from collected serum using ultracentrifugation among the enrolled healthy volunteers, CAD or CAD, and type 2 DM patients, and then added into EPCs' culture media at the final concentration of 50 lg/ml for 24 h. HDL separated from CAD or CAD and DM patients showed pro-apoptotic effects of hEPCs compared with those from healthy volunteers, which was proved by increased caspase 3 activity and further confirmed the negative relationship between ox-HDL and circulating EPCs (Fig. 7G) .
Discussion
High circulating levels of HDL are associated with a low risk for vascular disease (5), which could exert protective effects by reverse cholesterol transport, inhibition of adhesion molecule expression, and inhibition of LDL oxidation and increase endothelial nitric oxide production (6, 64) . Recent studies indicated that HDL may directly stimulate differentiation of EPCs via phosphatidylinositol 3-kinase/Akt pathway and enhance ischemia-induced angiogenesis (58) . However, cardioprotective functions of HDL are lost on oxidative damage and converted to pro-atherogenic effects by inhibiting nitric oxide synthesis, promoting production of ROS and platelet activation (3, 4, 39) . Oxidative modification of HDL could be achieved with copper ions or myeloperoxidase (38, 55) , which differed in oxidation degree, change of active motifs, and related enzyme activity (43) . Meanwhile, ox-LDL, as the similar lipid oxidative product and the most common risk factor of atherosclerosis, also showed similar effects on EPCs and lead to dysfunction of EPCs via activation of CD36 (67, 75) , but the molecular mechanism behind this might be different, considering the different composition and antioxidant effects of LDL and HDL; for example, the paraoxonase1 activity of HDL (24) , which was missing in LDL and deserved further experiments for comparison. In this study, the effects of ox-HDL on EPCs were investigated by incubation of EPCs with different concentrations of ox-HDL and to the best of our knowledge, this is the first report not only showing the deleterious effects of ox-HDL on EPCs but also revealing the involved mechanism.
CD36, a member of scavenger receptor B family, is a transmembrane glycoprotein highly expressed by endothelial cells, monocytes/macrophages, platelets, and adipose tissue (12) . It can bind to a variety of ligands, including ox-LDL, oxidized phospholipids, collagen, apoptotic cells, and TSP-1, a potent endogenous inhibitor of angiogenesis (28, 47) . A recent study shows that CD36 is also a receptor for ox-HDL (65), which was in accordance with our study. The facts that ox-HDL-mediated pathological effects in EPCs' function could be blocked by shRNA-mediated CD36 knockdown support our proposal that CD36 played a key role in mediating the pathological effects of ox-HDL. In addition to CD36, it should be kept in mind that activation of immunerelated receptors such as toll-like receptors (TLRs) might   FIG. 6 . Effects of ox-HDL on p38, ERK, and JNK phosphorylation of EPCs by Western blot analysis. Stimulation of EPCs with ox-HDL would increase phosphorylation of p38 MAPK, which was ameliorated by transfection of specific shRNA aiming at decreasing CD36, without changing the expression of phosphor-ERK and JNK (A-C). Data are shown as means and standard errors, *p < 0.05 versus control, { p < 0.01 versus 50 lg/ml ox-HDL. Such data were from three experiments in triplicate. MAPK, mitogen-activated protein kinase. participate in the pathological effects, very similar to the role of heterodimer of TLR4-TLR6 and CD36 in sterile inflammation induced by ox-LDL (57), which deserves to be explored in further experiments.
p38 MAPK and NF-jB pathways are associated with inflammation, apoptosis, oxidative stress, and angiogenesis. p38/MAPK and NF-jB pathways were shown to be involved in the impaired angiogenesis by CD36 (48, 68) . Consistent with these results, we found that both phosphor-p38 expression and activity of NF-jB were significantly increased after incubation of EPCs with ox-HDL, and pretreatment with p38 or NF-jB-specific inhibitor could significantly attenuate the inhibitory effects induced by ox-HDL in EPCs, which thus further confirmed the involvements of p38/MAPK and NF-jB pathways in ox-HDL-induced pathological effects on EPCs. Xie et al. showed that testicular orphan nuclear receptor 4 (TR4) modulated foam cells' CD36 expression (73) , and the expression of TR4 was linked with activation of MAPK pathway (25); so, it was reasonable to speculate that ox-HDL activated p38MAPK-NF-jB pathway, then increased TR4 expression, and, eventually, induced CD36 mRNA and protein expression via a transcriptional regulation, which deserved confirmation through further experiments.
Angiogenesis is tightly regulated by balancing the expression of factors that promote as well as inhibit the formation of blood vessels. TSP-1 and VEGF are two major players influencing angiogenesis. VEGF promotes while TSP-1 inhibits angiogenesis. TSP-1, an extracellular matrix protein, serves as a ligand for CD36. TSP-1 binding to CD36 could mediate a series of signaling cascade to inhibit angiogenesis and induce endothelial cell apoptosis (28) . In this study, we showed that TSP-1 but not VEGF was involved in the ox-HDL-induced pathological effects on EPCs in a hypoxic environment. TSP-1 binding to CD36 may, therefore, form a vicious cycle and amplify such effects of ox-HDL on EPCs. In addition to the interaction between TSP-1 and VEGF-related signal pathway, the cholesterol efflux decreased by ox-HDL might also directly or indirectly participate in EPCs' angiogenesis, which might be similar to the SR-BI's sensing pattern of plasma membrane cholesterol movement (42, 50) . It could be inferred that ox-HDL decreased the cholesterol efflux of EPCs, which would lead to the modification of CD36-colocalized lipid microdomain on the cell surface composed of sphingomyelin and caveolin-1 (40, 44) and activation of the intracellular signal pathways, and, eventually, changed the angiogenesis of EPCs.
Although TBARS assay could not represent the ox-HDL levels in vivo completely, our study still uses it to measure lipid peroxidation for the following reasons: First, only carbonyls resulting from lipid peroxidation (malondialdehyde [MDA]) covalently modify lipid-free apoA-I and inhibit its ability to promote cellular cholesterol efflux by the ABCA1 pathway, not other kinds of carbonyls, including hydroxynonenal, glycolaldehyde, glyoxal, or methylglyoxal, which 
FIG. 7.
Inverse correlation of ox-HDL and circulating EPCs. Decreased levels of circulating EPCs in patients with CAD or CAD and type 2 DM compared with those of healthy controls (A). The mean fluorescence intensities (MFI) of CD36 in EPCs were higher in patients with CAD (black column) or CAD with type 2 DM (striped column) compared with those of healthy controls (unfilled column) (B). (C) The representative image of detection of MDA using HPLC. The MDA-thiobarbituric-acid complex was separated using reverse-phase high-performance liquid chromatography (RP-HPLC) on a Waters 2695 system (Waters, Inc.) coupled with a 474 fluorescence detector (excitation = 527 nm, emission = 551 nm) on a 250 · 4.6 mm Dikma Diamonsil C18 (Dikma, Inc.) C18 column with 5 lm particle size. The flow rate was 0.9 ml/min, and the mobile phase was 40% phosphate buffer (10 mM, pH 5.8) with 60% methanol. A standard curve was run at the start, middle, and end of each sample set using 1, 1, 3, 3-tetraethoxypropane as a standard. Peak areas were determined using the Empower2 workstation (Waters, Inc.). A significant difference was seen between healthy controls and patients with CAD or type 2 DM about levels of TBARS in serum and HDL (D). Inverse correlation of circulating EPCs with levels of TBARS in serum (E) and HDL (F). Isolated serum HDL from healthy volunteers and CAD or CAD and type 2 DM patients were added to the cultured EPCs at the concentration of 50 lg/ml for 24 h, and then, the caspase 3 activity was assayed with a fluorescence detection kit. (G) *p < 0.05 versus control. CAD, coronary artery diseases; DM, diabetes mellitus; MDA, malondialdehyde; thiobarbituric acid-reactive substances.
implies a key role of MDA in the pathological process caused by ox-HDL (53); second, this assay has been widely used as a metrology of lipid peroxidation, and many reports explored lipid peroxidation by this assay (22, 61, 69) .
In summary, ox-HDL promotes apoptosis and inhibits migration, cholesterol efflux, and angiogenesis function of EPCs, which was consistent with the inverse correlation of ox-HDL and EPCs levels from the clinical study. Such effects were mainly mediated via scavenger receptor CD36 and P38/ MAPK, NF-jB, as well as TSP-1 signaling pathways. The negative effects of EPCs exerted by ox-HDL might represent potential and key pathological mechanisms for the development and progression of cardiovascular disease.
Materials and Methods
A Supplementary Materials and
Methods section is available in Supplementary Data.
Isolation and culture of EPCs
EPCs were isolated from human whole blood provided by healthy volunteers as previously described (21) . Briefly, human blood was directly diluted in EGM-2 supplemented with 15% fetal bovine serum, antibiotics, and cytokine cocktail (ratio of 1:4) in a T75 vented cap cell culture flask within less than 2 h after collection. Nonadherent cells were removed after overnight culture at 37°C, 5% CO 2 in humidified atmosphere by washing thrice with excess prewarmed 37°C phosphate-buffered saline (PBS) before adding new prewarmed 37°C EGM-2. Thereafter, media were changed every 4 days and the cultures were monitored daily for the emergence of small compact colonies. When these expanded EPC became confluent, they were trypsinized, counted, and replated in T75 flasks. Such cells were identified and characterized using an Olympus IX51 inverted microscope with Micropublisher 5.0 RTV (Q-Imaging corporation) for 1,1¢-dioctadecyl-3,3,3¢,3¢-tetramethylindocarbocyanine-labeled ac-LDL (DiI-ac-LDL)/FITC-labeled Ulex europaeus agglutinin-I (FITC-UEA-I) double-positive cells, while DAPI was used to stain the nuclei. In addition to the image captured by microscopy, the expressions of surface markers and eNOS were also investigated with flow cytometry and Western blot separately. Human umbilical vein endothelial cells and monocytic THP-1 cells (ATCC) served as relative positive and negative controls, respectively.
Preparation and oxidation of HDL
Blood samples for HDL preparation were taken from healthy volunteers. Informed consent was obtained from all volunteers. HDL was obtained from freshly isolated human plasma by cumulative flotation ultracentrifugation, then dialyzed against PBS, and stored in EDTA (100 lM) at 4°C. Before use, EDTA was removed by extensive dialysis against PBS. HDL (0.04 mg protein/ml) was oxidized (37°C) using copper sulfate (0.5 lM final concentration) for 2 h as previously described (24) . Such a setting was chosen to achieve maximum levels of PC 16:0/18:2-OOH and 18:0/18:2-OOH in ox-HDL described in the literature (24) . After addition of EDTA (100 lM) to sequester copper ions, the HDL preparation was extensively dialyzed against PBS. The degree of oxidation was determined by measuring the amount of TBARS (34) . Value for TBARS in ox-HDL was 4.5 nM malonyldialdehyde/mg protein. In addition to TBARS, electrophoresis mobility was also used to evaluate the lipid peroxidation of HDL. The electrophoresis mobility copperoxidized ox-HDL was 0.7 cm compared with naïve HDL's 0.35 cm, which was slightly lower than in vivo HDL oxidation in patients with type 2 diabetes (56). Fluorescent labeling of ox-HDL was performed as previously described with Dil (2).
Stable knockdown of CD36 in EPCs
EPCs in which CD36 expression was stably silenced were generated by the stable transfection of EPCs using shRNA targeted to CD36. The shRNA plasmid was transfected into EPCs using Amaxa Nucleofector with Human CD34 Cell Nucleofector Kit with U08 pulsing parameters (10, 36) . The efficiency of siRNA transfection was greater than 70%. Positive clones were selected using puromycin. After expansion of these clones, CD36 silencing was assessed using real time PCR (RT-PCR) and Western blot.
Apoptosis assay
Apoptosis of EPCs was explored with Roche's Annexin-V-FLUOS Staining Kit and Sigma Caspase 3 Fluorimetric Assay Kit according to the manufacturer's instructions.
EPCs migration assay
The migratory function of EPCs was investigated by transwell and scratch wound-healing assay as previously described (59) .
EPCs tube formation assay
In vitro tube formation assay was performed with CHE-MICON In Vitro Angiogenesis Assay Kit (Millipore) according to the manufacturer's instructions. In brief, EC Matrix gel solution was thawed at 4°C overnight, then mixed with 10 · EC Matrix diluent buffer, and placed in a 96-well plate at 37°C for 1 h to enable the matrix solution to solidify. EPCs were harvested; then, 1 · 10 4 cells were placed on matrix solution with complete medium and incubated at 37°C for 8 h. Tube formation was inspected under an inverted light microscope (100 · ). Six representative fields were taken and the total number of tubes, branching points, and the length of the tubes as well as the sum of the lengths of all tubes were calculated for each well (1).
Determination of ROS generation
Changes in intracellular ROS levels were determined by measuring the oxidative conversion of cell-permeable 2¢,7¢-dichlorofluorescein diacetate (DCFH-DA) to fluorescent dichlorofluorescein (DCF). After stimulation for 24 h, the cells were washed and incubated with DCFH-DA at 37°C for 20 min. The DCF fluorescence distribution was recorded by a fluorescence microscope at an excitation wavelength of 488 nm and an emission wavelength of 525 nm, and then analyzed with ImageJ (NIH) (54) .
Transplantation of EPCs
In order to prove the effective incorporation of cultured EPCs into the neovascularization after inducing unilateral hind limb ischemia, such cells were labeled with a red fluorescent dye, PKH26GL as previously described (74) and injected (1 · 10 6 /100 ll saline per mice) into the tail vein using a 30-gauge needle.
Immunofluorescence analysis of blood vessels in gastrocnemius muscles
Vascularity of gastrocnemius muscles from nude mice was assessed by in situ fluorescent staining using an endothelial cellspecific marker, BS-1 lectin conjugated to FITC as previously described (26) . After anesthesia, the hind limbs were perfused with FITC-BS-1 lectin by a direct cardiac injection. Fifteen minutes later, the animals were sacrificed and the gastrocnemius muscles were harvested and fixed in 4% paraformaldehyde (PFA). After fixation, samples were embedded in optimum cutting temperature compound for frozen sectioning. The images were recorded using a computer-assisted Olympus fluorescence microscope with a digital camera DP71 (Olympus IX51; Olympus, Inc.) and analyzed with ImageJ (NIH).
Angiogenesis, blood flow, and functional scoring evaluation of ischemic hind limbs Twenty four hours after the surgery, serum-free medium or EPCs were injected into the tail vein at 1 · 10 6 cells/mouse. On postoperative day 14, mice were anesthetized and a polyethylene catheter was inserted into the aorta, through which a contrast medium (barium sulfate, 0.5 g/ml) was injected. Angiography was then assessed by a high-definition digital x-ray system (MX-20; Faxitron). Two investigators blinded to the treatment protocol used a 1 · 1-cm grid overlay to count the number of vessels that transected a grid to obtain a quantitative measurement of the density of collateral vessels (angioscore) in the medial thigh region. Capillary density in the gastrocnemius muscle was assessed by immunofluorescence using rat anti-mouse CD31 antibody. Vessel density and capillary density were analyzed as previously described (14) . Briefly, the number of capillaries was counted and averaged in 10 random microscopic fields from three independent cross-sections of the adductor muscle in each animal (n = 8), and then, capillary density was expressed as the number of capillaries per high-power field (400 · ). Blood flow in the hind limb was measured just after the surgery and at day 14 using PeriFlux Laser Doppler Perfusion Measurement (LDPM) unit (Perimed) as previously described (41) . In addition to the blood flow, mice were also examined for hind limb function at day 14 after induction of ischemia. Functional grading was performed with a standardized mouse limb ischemia grading scale according to a previous report (Supplementary Table S1 ) (72) .
Real-time quantitative PCR analysis
Total RNA was extracted from cells using Trizol solution. The first-strand cDNA synthesis was performed using the 1st Strand cDNA Synthesis Kit. Real-time PCR was performed using SYBR Green PCR Master Mix iQ and Bio-rad CFX Connect real-time PCR System, according to the manufacturer's protocols. The PCR conditions were as follows: 30 s at 95°C, followed by two-step PCR: 95°C for 15 s and 60°C for 30 s for 40 cycles with fluorescence monitoring at the end of each elongation step. Primers are in Supplementary Table S2 .
Relative mRNA expression of target genes was calculated with the comparative threshold cycle method. All target sequences were normalized to GAPDH in multiplexed reactions performed in duplicate.
Western blot analysis
Cells were washed twice with cold PBS and lysed in protein extract buffer at 4°C for 30 min. The lysates were centrifuged at 14,000 g, 4°C, for 10 min. The supernatant was then collected and stored at -80°C until use. Samples were separated on 12% SDS-PAGE and transferred to a polyvinylidene difluoride membrane. The membrane was blocked with 5% nonfat milk, then incubated with primary antibody overnight at 4°C, and exposed to a secondary antibody for 1 h at room temperature. The membranes were then washed and visualized by enhanced chemiluminescence detection reagents. The signal intensity of blotting was normalized to the signal of the corresponding total protein. Relative intensities of protein bands were analyzed by Image Pro Plus software.
Hypoxic culture and enzyme-linked immunosorbent assay
In order to maximally mimic the in vivo environment for EPCs injected into the nude mice with unilateral hind limb ischemia, the cells were cultured in a Plas-Labs chamber maintained at 1% oxygen (assessed by an Alpha Omega Oxygen Analyzer) at 37°C. Cell medium was collected after stimulation and centrifuged at 4000 g in 4°C for 10 min. The stimulation and collection were performed either immediately on removal from hypoxia or under hypoxic conditions in order to minimize re-oxygenation effects. Collected supernatant was stored at -80°C until use. Release of TSP-1 and VEGF by EPCs in a hypoxic environment was measured by an enzyme-linked immunosorbent assay (ELISA) according to the manufacturer's instructions (R&D systems).
Nuclear protein preparation and EMSA of NF-kB Nuclear extracts were prepared by washing cells twice with cold PBS, resuspending them in 400 ll cold lysis buffer, and incubation for 15 min on ice with occasional vortexing to obtain complete cell lysis and release of nuclei. The tubes were centrifuged at 13,400 g for 1 min; supernatant was removed completely; and remaining nuclei were resuspended in 25 ll of cold nuclear extraction buffer, incubated for 30 min on ice, and centrifuged at 13,400 g for 5 min. Supernatant containing the soluble nuclear proteins was collected in tubes and stored at -80°C until use. Equal protein amounts of the extracts (10 lg) were used in experiments. The detection of the activated NF-jB in the nuclei of unstimulated and stimulated cells was completed by using a digoxigeninlabeled EMSA kit according to the manufacturer's protocol. The probe sequence of NF-jB was 5-AGT TGAGGGGA CTTTCCCAGGC-3.
Flow cytometry quantification of circulating EPC following the ISHAGE gating strategy EPC were quantified using the following approach according to a previous study (52) : Blood was drawn into EDTA collection tubes, and then transported into the laboratory within 2 h. FcR-blocking antibody was added and incubated for 10 min. All staining procedures were performed on ice. Whole-blood samples (1 ml) were incubated with CD45, KDR, and CD34. The samples were lysed for removal of red blood cells before flow cytometry analysis in an FACSCaliburÔ flow cytometer. Around 260,000 events in the gate R1 were acquired (*300,000 total events), and a minimum of 120 CD34 + events were collected, according to recommendations. Intra-individual correlation was r = 0.94 ( p < 0.001), and inter-class correlation was r = 0.92 ( p < 0.001) for CD45 dim CD34
+ KDR + . Among the collected CD45 dim CD34
+ KDR + EPCs, the MFI of CD36 were compared between healthy control and patients with CADs using Flowjo software.
Isolation of HDL and MDA detection with HPLC HDL was isolated as per gel filtration chromatography protocol previously described (17) . In brief, 200 ll serum was applied to two Superdex-200 gel filtration columns (10/300 GL; GE Healthcare) in series on an FPLC system (Ä KTA; GE Healthcare), using Tris buffer (10 mM Tris, 0.15 mM NaCl, 1 mM EDTA, and 0.2% NaN3) with a flow rate of 0.3 ml/min. The eluate was collected using a fraction collector maintained at 4°C, and then transferred to -80°C refrigerator without the addition of exogenous antioxidants until the detection. After thawing the samples, measurements of MDA in terms of TBARS were performed in duplicate in each sample according to a modified protocol from a previous study (8) using Beyotime TBARS kit.
Patient characteristics
Patients with stable CAD, or CAD and type 2 DM and agematched healthy volunteers (without cardiovascular risk factors) were recruited at the Department of Cardiology, Shanghai Changzheng Hospital from January 1, 2013 to August 2, 2014. Exclusion criteria included accompanying infectious, inflammatory or autoimmune disorders, advanced kidney or liver failure, neoplastic disorders, and a history of major surgery or trauma among the previous 3 months. Informed consent was obtained from all enrollers; the study protocol was approved by the Ethics Committee of the Second Military Medical University.
Statistical analysis
All data are expressed as means -standard errors. Differences between group means were determined by one-way analysis of variance followed by a Student-Newman-Keuls test. Linear regression analysis and nonparametric bivariate correlation (Spearman rank correlation coefficient) were used to correlate circulating EPC counts with cardiovascular risk factors. To identify independent determinants of EPC numbers, a multivariate linear regression analysis for various cardiovascular risk factors was performed. Statistical significance was assumed, if a null hypothesis could be rejected at p £ 0.05. All statistical analysis was performed using GraphPad Prism 4 and SPSS for Windows 7.0.
